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ABSTRACT 

This   report   summarizes  analyses  on   the  nrn-operating 

reliability of missile materiel.     Long  term non-operating 

data has  been  analyzed  together with  accelerated storage 

life   test  data.      Reliability prediction  models  have  been 

developed   for  various  classes of devices. 

This  report   is   a  result of  a program whose objective  is 

the  development  of  non-operating   (storage)   reliability  pre- 

diction  and  assurance  techniques   for missile materiel.     The 

analysis  results  will be used by  U.   S.   Army  personnel  and 

contractors   in  evaluating current missile  programs  and  in 

the  design of   future missile  systems. 

The  storage   reliability  research program consists  of 

a country wide data   survey and  collection  effort,  accelerated 

testing,   special   test  programs   and  development of  a  non- 

operating  reliability data  bank  at   the  U.   S.   Army Missile 

Command,   Redstone  Arsenal,   Alabama.      The  Army   plans   a  con- 

tinuing  effort   to   maintain   the  data   bank   and   analysis   reports. 

For  more   information,   contact: 

Commander 

U. S. Army Missile Command 

ATTN:  DRSMI-QSD, Mr. C. R. Provence 

Building 4500 

Redstone Arsenal. AL  35809 

Autovon  746-3235 

or   (205)    876-3235 
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1.0  INTRODUCTION 

1.1 Missile Reliability Considerat-ions 

Materiel in the Army inventory must withstand long 

periods of storage and "launch ready" non-activated or dor- 

mant time as well as perform operationally in severe launch 

and flight environments.  In addition to the stress of tem- 

perature soaks and aging, they must often endure the abuse of 

frequont transportation and handling and the climatic extremes 

of the forward area battlefield environment. 

Missives spend the majority of the time in this non- 

operating environment.  In newer missile systems, complexity 

is increasing significantly, longer service lives are being 

required, and periodic maintenance and checkouts are being 

reduced.  The combination of these factors places great im- 

portance on selecting missile materiels which are capable of 

performing reliably in each of the environments. 

The inclusion of storage reliability requirements in 

the initial sv^tem specifications has also placed an ir-ipor- 

tance on maintaining non-operating reliability prediction 

data for evaluating the design and mechanization of new systems. 

1.2 Storage Reliability Research Program 

An extensive effort is being conducted by the U. S. Army 

Missile Command to provide detailed analyses o^: missile 

materiel and to generate reliability prediction data.  A 

missile material reliability parts count prediction handbook, 

LC-76-1, has been developed and provides the current pre- 

diction data resulting from this effort. 

This report provides a summaiy of the analyses per- 

formed under the storage reliability research program and 

background information for the predictions in IC-76-1. 

Included are surmaries of real time and test data, failure 

modes and mechanisms, and conclusions and recomrnendations 

resulting from analysis of the data.  These recommendations 

include special design, packaging and product assurance data 

and information on specific part types and part construction. 
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For a number of   the  pare  types,   detailed   analysis 

reports  are also  available.     These reports  present details 

on  part construction,   failure  modes  and  mechanisms,   parameter 

drift  and aging trends,   applications,  and other considerations 

for the selection of materiel  and reliability prediction of 

missile systems. 

The U.   S.   Army Missile  Command  also maintains  a  Storage 

Reliability Data Dank.      This  data bank consists  of a com- 

puterized data base with generic part storage  reliability data 

and a  storage reliability  report,  library containing available 

research and test reports of non-operating reliability  re- 

search efforts. 

For the operational  data contained  in  this  report,   the 

user  should refer to  the  following sources:     MIL-HDBK-217B, 

Military Standardization Handbook,  Reliability Prediction of 

Electronic Equipment;   Reliability Analysis Center   (RAC)   Micro- 

circuit  Generic Failure  Rates;   RADC-TR-69-458,   Revision  to 

the Nonelectronic Reliability Handbook;  and the  Government- 

Industry Pata Exchange Program   (GIDEP)   Summaries of Failure 

Rate Data. 

1.3    Missile Environments 

A missile system may be subjected to various modes of 

transportation and handling,  temperature  soaks,   climatic 

extremes,  and activated  test time and  "launch  ready"  time 

in addition to* a controlled storage environment.     Some studies 

have been performed on missile  systems  to measure  these en- 

vironments.     A summary of several studies  is  presented  in 

Report BR-7811,   "The Environmental Conditions  Experienced by 

Rockets  and Missiles  in  Storage,  Transit and Operations" 

prepared by the  Raytheon  Company,  dated December  1973. 

In  this report,   skin  temperatures of missiles  in con- 

tainers     were  recorded  in  dump   (or open)   storage  at  a maxi- 

mum of  165CF   (740C)   and  a minimum of  -440F   (-420C),      In  non- 

earth  covered bunkers   temperatures  have been measured at a 

maximum of 1160F   {470C)   to  a minimum of  -310F   (-350C).     In 

earth  covered bunkers,   temperatures have been measured  at 

a maximum of  103oF   (390C)   to a minimum of  230F   (-50C). 
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Acceleration  extremes  during  transportation  have  been 

measured   for track,   rail,   aircraft and  ship transportation. 

Up   to  7  G's  at   300 hertz  have  been measured on  trucks;   1   G 

at   300 hertz by rail;   7  G's   at  1100 hertz on aircraft;   and 

1 G at 70  hertz on shipboard. 

Maximum shock stresses   for truck transportation  have 

been  measured  at  10 G's  and  by rail  at   300  G's. 

Although field data does not record these levels, where 

available, the type and approximate character of storage and 

transportation are identified and  used to classify  the devices. 

1-3 

■MM J 



1.4  System Level Analysis 

The primary effort in the Storage Reliability Research 

Program is on analysis of the non-operating characteristics 

of parts.  In the data collection effort, however, some data 

has been made available en system characteristics. 

This data indicates that a reliability prediction for 

the system based on part level data will not accurately pro- 

ject maintenance actions if the missile is checked and main- 

tained periodically.  Factors contributing to this disparity 

include test equipment reliability, design problems, and 

general handling problems.  In many cases, these problems are 

assigned to the system and not reflected in the part level 

analysis. 

In general, a factor of 2 should he multiplied by the 

device failure rate to obtain the maintenance rate. Three 

system examples are described below: 

1.4.1 System A 

For system A, a check of 874 missiles in the field in- 

dicates 142 failed missiles. These failed missiles were taken 

to a maintenance facility.  At the maintenance facility, no 

fault could be found in 51 of the missiles.  Two missiles 

faults were corrected by adjustments.  This left 89 failures 

which could be attributed to part failure.  The parts were 

failure analyzed and the analysis indicated 19 failures to 

be a result of electrical overstress.  These failures were 

designated design problems. 

Therefore only 70 {49%} of the original 142 failures 

were designated as non-operating part fallures- 

1.4.2 System B 

For syster. B,   26 missile  failures were analyzed.     Of 

these  no  fault was   found   in  2  missiles;   adjustments were  re- 

quired  for  2;   external   electrical  overstress  or  handling 

damage was  found  in  10;   a circuit design problem was  assigned 

to  1,   and component  failun_s  were  assigned  to   11. 

1.4.3 Gyro Assemblies 

An analysis of gyro assembly returns indicated that two 

thirds of the returns were attributed to design defects, 

1-4 



mishandling,  conditions outside design requirements,  and  to 

erroneous  attribution of system problems. 

Therefore,  only   33 percent  of  the returns wore  designated 

as  non-operating part failures. 

1.5 Limitations of Reliability Prediction 

Practical limitations  are placed in any reliability 

analysis effort in gathering and analyzing data.     Field 

data  is generated at various  levels of detail and  reported in 

varying manners.     Often data on environments,  applications, 

part classes and part  construction are not available.     Even 

more often,   failure analyses are non-existant.     Data on  low 

use devices and new technology devices is also difficult to 

obtain.     Finally in the storage environment,  the very low 

occurrence of  failures  in many devices requires extensive 

storage time to generate any meaningful  statistics. 

These difficulties  lead to prediction of conservative or 

pessimistic failure rates.     The user may review the existing 

data  in  the backup analyses  reports  in any case where design 

or program decision is necessary. 

1.6 Life Cycle Reliability Prediction Modeling 

Developing missile reliability predictions  requires 

several tasks.     The  first  tasks  include defining the system, 

its mission,  environments  and life cycle operation or de- 

ployment scenario. 

The system and mission definitions provide the basis 

for constructing reliability success models.     The modeling 

can  incorporate reliability block diagrams,  truth  tables 

and  logic diagrams.     Descriptions of these methods are not 

included here but can be  studied  in detail  in MIL-HDBK-217B 

or other texts  listed  in  the bibliography. 

After the reliability  success modeling is completed, 

reliability  life  cycle prediction modeling  for each block 

or unit  in the success model  is performed based on the defi- 

nitions of the system environment and deployment  scenario. 

This  reliability life cycle modeling is based on  a  "wooden 
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round" concept in order to assess the missile's capability 

of performing in a no-maintenance environment.  The general 

equation for this modeling is: 

^C ^ ^T/H  X RSTOR X RTEST X RLR/D X RLR/0 x RL x R^. 

where: 

R  is the unit's life cycle reliability 

R_/H is the unit's reliability during handling and 

transportation 
RSTOR ^s tlie reliabi1ity during storage 
R_ ST is the unit's reliability during check out and 

test 

R~rR/n  ^s the unit's reliability during dormant launch 

ready time 
RiR/o ^s t^e unit's reliability during operational 

(>10% electronic stress) launch ready time 

R^ is the unit's reliability during powered launch 

and flight 

R_ is the unit's reliability during unpowered flight 

The extent of the data to date does not provide a cap- 

ability of separately estimating the reliability of trans- 

portation and storage for missile materiel. Also data has 

indicated no difference between dormant (>0 and <10% electri- 

cal stress) and non-operating time.  Therefore, the general 

equation can be simplified as follows: 

RLc(t) = WW x W x W x w 
where:    R^ is the unit's reliability during transportation 

and handling, storage and dormant time (non- 
operating time) 

t.,- is the sum of all non-operating and dormant time 

RQ is the unit's reliability during checkout, test 
or system exercise during which components have 
electrical power applied (operating). 
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tn Is the sum of all operating time excluding launch 
0 and flight 

R, is the unit's reliability during powered launch 
and flight (Propulsion System Active) 

tr is the powered launch and flight time 

Rp Is the unit's reliability during unpowered flight 

t_, is the unpowered flight time 

t is the sum of tN_, t0, tL and tp 

The values RJ^Q, Rn/ RF are calculated using several 

methods.  "he primary method is to assume exponential distri- 

butions as follows: 

"01 O' 

~X~*L = e "L 

= e-Vr 

The failure rates xN0/ XQ, XL and xF are calculated from 

the models in the following sections.  x.„ is calculated from NO 
the  non-operating  failure rate models.     The  remaining   failure 

rates  are  calculated  from the  operational  failure  rate models 

using  the  appropriate environmental   adjustment   factors.     Each 
prediction model is based on  part  stress  factors which may  in- 

clude  part  quality,   complexity,   construction,   derating,   and other 

characteristics of the device. 

Other methods  for calculating  the reliability   include 

wearout or  aging reliability  models   and cyclic or one  shot 

reliability models.     For each  of  these cases,   the device  sec- 

tion will  specify the "ncthod   for calculating  the  reliability. 
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1.7 Reliability Predictions During Early De 3ign 

Frequently during early design phases, reliabjlity pre

dictions are required with an insufficient system definition 

to utilize the stress level failure rate models. Therefore, 

a "parts count" prediction technique has been p r epared. Ic 

provides average base failure rates for various part types 

and provides K factors for various phases of the system de

ployment scenario to generate a first estimate of system re

liability. This prediction is presented i n Report LC-76-1. 

1.8 Summary of Report Contents 

The report is divided into five volumes which break out 

Maj or component or part classifications: Volume I, Electrical 

and Electronic Devices; Volume II, Electromechanical Devices; 

Volume III, Hydraulic and Pneumatic Devices; Volume IV, 

Ordnance Devices; and Volume V, Optical and Electro Jpt~~al 

Devices. Table 1-1 provides a listing of the major part types 

included in each volume. 
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TADLE  1-1.      REPORT CONTENTS 

Volune  I       Electrical  and Electronic Devices 

Section 

2.C Microelectronic Devices 
3.0 Discrete Semiconductor Devices 
4.0 Electronic Vacuum Tubes 
5.0 Resistors 
6.0 Capacitors 
7.0 Inductive Devices 
8.0 Crystals 
9.0 Batteries 

10.0 Connectors and Connections 
11.0 Printed Wiring Boards 

Volume II Electromechanical Devices 

Section 

2.0 Gyros 
3.0 Acceleroreeters 
4.0 Switches 
5.0 Relays 
6.0 Transducers 
7.0 Hi Speed Motors 
8.0 Synchros and Resolvers 

Volume III Hydraulic and Pneumatic Devices 

Section 

2.0 Valves 
3.0 Accumulators 
4.0 Actuators 
5.0 Pumps 
6.0 Cylinders 
7.0 Compressors 
8.0 Filters 
9.0 Gaskets and Seals 

10.0 Bearings       > 
11.0 Regulators   y^ 

Volume IV Ordnance Devices ■* 
Section 
2.0 Solid Propellant Motors 
3.0 Igniters  and  Safe  and Arm Devices 
4.0 Solid Propellant Gas  Generators 
5.0 Misc.   Ordnance  Devices 

Volume V    Optical and  Electro Ojiical  Devices 
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2.0     VALVES 

Valves  are  classified by actuating device:   solenoid, 

hydraulic,   pneumatic,  or motor  operated  valves. 

A solenoid valve is a combination of  two basic  functional 

units:     a  solenoid   (electromagnet)   with  its plunger,  and a 

valve containing an orifice in which a disc or plug is posi- 

tioned to stop or  allow flow of gas or  fluid.     Solenoid 

valves nay be direct acting,   internal  pilot operated,  ex- 

ternal pilot operating,  or a  latching  type valve which requires 

either manual or electrical resetting. 
Basic hydraulic valve types  for missile applications  are: 

bleeder,  check,  control,  relief,  servovalve,   and shutoff. 
Bleeder valves  allow manual  draining of hydraulic   lines 

or components. 
Check valves  allow flow in one direction and,  if the 

system pressure  reverses,  close quickly  to stop flow in the 

opposite direction.     Check valves  are self-contained devices, 

requiring no external actuation signals or sources of power. 

The valving elements are activated by  the pressure  forces 

of the  flow media.     The types of check valves include  the 

poppet,  swing» and  flapper. 

Relief valves  automatically discharge  fluid to relieve 

pressure.     They  are generally used  in  applications with non- 

compressible  fluids  such as water,  oil,   etc.     Immediate 

full-flow diccharge is not needed  since a  small  flow reduces 

the pressure. 
An electrohydraulic  servovalve  is  controlled electrically 

by a magnetic coil,  which,  in  the majority of designs,  posi- 

tions  a sliding  flow-control  spool   either directly or  in- 

directly  in  response to a remote electric  signal.     The name 

"servovalve"   results  from its  primary  use  as  the  fluid-control 

element  in hydraulic  servo systems. 

Shutoff valves  are used as  lock VcJ.ves  in many hydraulic 

systems.     Lock or  shutoff valves  may  be   installed  in sub- 

systems  to  hydraulically  lock  the  actuating cylinders  where 

the unit must  remain closed  through  extreme changes  in  tem- 

perature. 
2-1 



Pneumatic valve:: art- like hydraulic valves except 

they are operated by air, gasos or by the pressure or ex- 

haustion of air. 

Motor operated valves are similar t.c hydraulic valves. 

Their classification comes from the actuating element.  Motor 

operated valves foj. missile design selection are classified 

as sequence valves, freon valves or fuel control valves. 

2.1  Storage Reliability Analysis 

2.1.1 Failure Mechanisms 

The principal   failure modes,   the  part  affected,   and 

the mechanism resulting in that mode of   failure are pre- 

sented  in  Table   2.1-1.     The  relat  ve  ranking,   in accordance 

to  the   frequency of   the mode,   detection methods  and  techniques 

to minimize  the  effects are also listed. 

2.1.2 Non-Operating  Failure  Rate  Data 
Over   2.4  billion hours of  storage  data  are  included with- 

in  this  report.     The data  is  summarized  and categorized by 

specific  component  type as  shown  in Table   2.1-2. 

The data,  only  reflected the  number of  failures or 

part hours.     Rarely did collected data  contain  failure modes 

or mechanis'as.     However,   users'   surveys   show that the  princi- 

pal  storage   failure modes  and mechanisms  include:     leakage 

(internal  and  external),   failure  to open or close due  to 

contamination. 
The quality  control  levels  are not well defined  for any 

of  the  valve  data.     The basic   information used  to calculate 

Table  2.1-2   reflects  the average  failure  rates  for valves 

over the quality  grade spectrum specified  for valves.     Each 

valve   failure   rate   is expressed   in   failures  per billion 
9 

part-hours   (failures/10  )   of  field  experience. 

2.1.3 Calculation  of Failure  Rates 

The  data  collection  effort  includes  all  available data 

existing  in  a  usable  format  for missile  valves.     The data 

tables  show  the  number of  failures  and  the  part hours   for 

each  part  type which was   in a  same  environment.     From this 

a  failure  rate was  calculated.     The data was combined   first 
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TADLE 2.1-2.  OVERALL STORAGt: FAILURE RATE RESULTS 

(X X 10~9) 

TYPE STORAGE FAILURE RATE 

a x 10 9) 

Solenoid 8.5 

2-pos, 2 way <100.0 

Dual, 2 way - 

2-pos, 3 way <500.0 

2-pos, 4 way <1COO.O 

Hydraulic _ 

Bleeder <4.8 

Check 22.9 

Control <6.7 

Relief 1.4 

Shutoff <4.6 

Servo Shuttle 145.8 

Pneumatic 17.5 

Pneu. Oper. 17.5 

Springless — 

Motor Op. 113.2 

Sequence 194.0 

Freon <1500.0 

Fuel 84 . 3 

l ■■!■ 
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by type valve and environment and second by valve type dis- 

regarding environment. 

2.1.4  Solen ■;d Valve Data 
Data was identified for 3 of 4 valve types:  2 position- 

2 way, 2 position-3 way, and 2 position-4 way. 

Storage data collected was from seven missile programs 

and three space programs.  The valid data is summarized in 

Table 2.1-3 with a calculated 90% one-sided confidence limit. 

TABLE 2.1-3. SOLENOID VALVE DATA SUMMARY 

TYPE MILLION 
STORAGE HOURS 

FAILURES X_ IN FITS* 90% 
ONE-SIDED 
Xs IN FITS 

2 pos-2 way 10. 0 < 100 231 

2 pos-3 way 2.1 0 < 500 1100 

2 pos-4 way .55 0 <1800 4200 

Dual-2 way - - - - 

General Sol. 808. 7 8 6 14.6 

TOTAL 820.65 7 8 5 14.4 

* Failures per billion hours 

As shown, 820 million part storage hours with seven 

reported failures giving a failure rate of 8.5 failures per 

billion hours.  Fo : a 2 position-2 way solenoid valve, data 

was available frcn one missile program which included 10 

million part storage hours with no failures reported.  The 

failure rate of 100.0 failures per billion hours assumes one 

failure which makes the failure rate pessimistic. 

For 2 position-4 way solenoid valves, data was avail- 

able en a ground system with 0.55 million part hours.  In 

this case, there were no failures reported.  The failure 

rate of 1818.0 failures per billion hours is therefore pessi- 

mistic.  For the 2 position-3 way solenoid valve, there was 

data from one ground system with 2.1389 million part hours 

with no failures reported.  This makes the 500.0 failure 

rate per billion hours pessimistic for this type valve. 
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more arc many ütoraqe data points for solenoid valves 

which do not identify the specific valve type, such as, 2 

po:;ition-2 way, 2   por,ition-3 way, etc.  This data v/as used 

for the overall failure rate for solenoid valves.  There are 

points which are not used as shown because they were marked 

invalid by the original source or because infoimation was 

incomplete. 

From analysis of this data, it is recommendod that a 

storage failure rate of 8.5 failures per billion hours be 

used for all solenoid valves including the 2 position-2 way, 

2 position-3 way, and 2 position-4 way until more detailed 

data is collected on these types. 

2.1.5  Hydraulic Valve Data 

The data collected is summarized in Table 2.1-4 for 

hydraulic type valves.  The servo/shuttle valve data is 

broken separately because of the difference in complexity 

of this valve type.  The 90% one-sided confidence limit is 

calculated as shown. 

TABLE 2.1-4.  HYDRAULIC VALVE DATA 

TYPE MILLION 
HOURS 

FAILURES Xg IN FITS 90% 
ONE-SIDED 
Xs IN .ITS 

Bleeder 210.4 0 <4.8 11. 

Check 131.0 3 22.9 (4250) 51. 

Control 150.2 0 <6.7 15. 

Relie.f 712.8 1 1.4 (499) 5.5 

Shutoff 214.8 0 <4.6 11. 

TOTAL 1419.2 4 2.8 5.6 

Servo/ 
Shuttle 109.7 16 (68) 145.8 (3100) 205. 

The numbers in parenthesis show the highest and lowest 

failure rates computed fror individual sources showing at. 

least one failure.  This is a measure of the range of failure 

rates observed from all sources. 

The three data points for bleeder valve storage data have 

210.43 million part hours with no failures.  Hence, the 
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failure rate «t-l.B failures per billion hours is pessimistic. 

Check valve storage data has five data points containing 

131.018 million pait hours with three (3) failures.  The 

check valve storage failure rate is 22.9 f^ tlure per billion 

hours. 

Control valve data consists of three data points, 150.165 

million part hours with no failures.  The failure rate cal- 

culated is <6.7 failures per billion hovrs assuming one fail- 

ure. 

Relief valve data has five (5) data points with one (1) 

failure.  With 712.78 million part storage hours, a failure 

rate of 1.4 failures p-^r billion hours was calculated. 

Five (5) data • oints for hydraulic "shut-off" valves 

reflect 214.8 million part storage hours with no failures. 

This calculates a <4.6 failure rateVer billion hours for 

shutoff valves assuming one failure. 

Fifteen (15) storage data points were collected for 

"servo or shuttle" valves.  This resulted in 109.67 million 

part storage hours with 16 failures reported for a failure 

rate of 145.8 per billion hours. 

Analysis of the bleeder, check, control, relief and 

shutoff valves' show compatible failure rates.  Therefore, 

these data were pooled for a failure rate of 2.8 fits 

applicable to these valves.  The servo valve differs sig- 

nificantly in construction and mode of operation.  The 

failure rate for this type of valve is estimated at 14 5.8 

fits. 

2.1.6  Pneumatic Valves 

Data was collected for four types of pneumatic con- 

trolled valves: general, check, pressure, and manifold. 

The data was available from five (5) programs.  It in- 

cluded 57.05 million part hours with one (1) reported 

failure giving a failure rate of 17.5 failures per billion 

hours.  A summary of the data is shown in Table 2.1-5. 
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A failure rate is calculated for each pneumatic valvo 

type with a 90% one-sided confidence limit.  Note a signifi- 

cant higher failure rate for the pressure v. ve than tor tno 

other types.  However, this was calculated with an assumed 

failure and a small amount of storage hours.  Hence, it is 

recommended that the data be pooled together and that the 

overall failure rate (17.0 fits) bo used for prediction. 

TABLE 2.1-5. PNEUMATIC VALVEÜ 
TYPE MILLION 

HOURS 
FAILURES Xs   IN FITS 

Pneumatic Valves 

General 4.67 1 214. 

Check 4.14 0 <241. 

Pressure .628 0 <1590. 

Manifold 47.61 0 <21. 

TOTAL 57.05 1 17.5 

2.1.7     Motor Operated Val ves 

90% 
ONE-SIDED 
A  IN FITS 

833. 

558. 

3680. 

48.5 

68.2 

Ther-» are  three  types  of motor operated valves   for 

which  data was  found.     These are  the sequence,   freon and 

fuel valves.     A summary  of  the data is  shown below.   Table 

2.1-6,   with a  90%  one-sided confidence  limit. 

TABLE   2 .1-6.      MOTOR OPERATED VALVES 

TYPE FAILURES STORAGE   , 
HRS.x 10 

FAILURE RATE 
(10-9) 

90% 
ONE-SIDED 

Xs  IN FITS 

Sequence 1 5.150 194.0 755 

Freon 0 0.662 <1500.0 3500 

Fuel 1 11.853 84.3 328 

TOTAL 2 17.665 113.2 301.0 
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The sequence motor operated valve had 1 reported failure 

with 5.150 million part hours for a failure rate of 194.0 

failures per billion hours. 

The freon valve had one data point, no failures and 

0.662 million part hours.  This gives a failure rate of 

1500.0 failures per billion hours. 

The fuel valve had three data points with a total of 

11.853 million part storage hours.  They had one failure 

giving a failure rate of 84.5 failures per billion hours of 

storage. 

It is recommended that a storage failure rate of 113.2 

failures per billion hours be used for all motor operated 

valves including the sequence, freon anil fuel valves. 

2.2  Calculation of K-Factors 

The K-factors have been calculated below based on oper- 

ating failure rate data collected from the RADC Nonelectronic 

Reliability Notebook.  The operating failure rates used were 

from ground-fixed data unless otherwise specified.  The 

formula used was Ground-fixed (X  ) Operating op 
i\ ■ Storage (X) Sto rage Data 

TABLE 2.2-1.   K-FACTORS 
Xlfits) op Xs (fits) 

Xop 

VALVE TYPE Xs 

Solenoid 
2 pos-2 way 15000 <100 150 
2 pos-3 way 16000 <500 32 
2 pos-4 way 14400 <1800 8 
General Sol. 14620 8.6 1700 

Hydraulic 
Bleeder 1008 <4.8 210 
Check 12595 22.9 550 
Control 10720 <6.7 1600 
Relief 2052 1.4 1470 
Shutoff 4646 <4.6 103 0 
Servo 65610 145.8 450 

Pneumatic 
General 6420 214 30 
Check 6409 <241 26 
Pressure 6360 <1590 4 
Manifold 6510 <21 310 

Motor Operated 
Sequence - 190 — 
Freon 34500 <1500 23 
Fuel 8232 84 98 
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2.3 Conclusions and Recommendations 

2.3.1 Conclusions 

Comparison betwn dormant and storage reliability data 

indicates no significant difference between the two.  This 

agrees with previous studies (reference no. 35) . Therefore, 

the dormant and storage data were combined in all analyses. 

Quality grades were not well defined for the valve data 

collected. To determine quality grades extensive searching 

through component specifications and drawings would be re- 

quired.  It was therefore impossible to determine the effect, 

if any, of quality levels. The results presented in this 

report represent failure rate averages over the quality grade 

spectrum. 

Data available for each generic valve type (solenoid, 

hydraulic, pneumatic, motor operated) was plentiful compared 

to that available for each sub-category. Therefore, failure 

rates derived at this level have higher statistical confidence 

than those of the sub-categories and should be utilized unless 

specific information is available to further define the type 

of valve under consideration. 

2.3.2 Recommendations 

Record keeping for valves kept on storage should be im- 

proved, specifically the identification of quality grades and 

valve description. This should be done within existing data 

collection systems. 

Additional research and data collection should be per- 

formed to attain a better definition of the data already on 

hand.  More detailed identification of those units classified 

only by their generic names should be attempted. 

A more vigorous and better documented program of failure 

mode analysis should be implemented. 
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2.4  Reference 

The information in Section 4 is a summary of document 

number LC-76-IIP1, "Missile Hydraulic nnd Pneumatic Syr.tems 

Valve Analysis," dated May 1976.  Refer to that document for 

details of data collection and analysis as well as technical 

descriptions of valves. 
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3.0 Accumulators 

Accumulators are devices that store energy, and subse- 

quently supply peak demands in a system havinq an intermittent 

duty cycle.  They can also be used to provide hydraulic shock 

suppression.  Accumulators may store energy by means of gravi- 

tational force, mechanical springs, or the compressibility of 

gases.  Data was collected on accumulators that store energy 

by the compressibility of gases.  Three types of separators 

are used in these accumulators:  1) bladder, 2) diaphragm, 

and 3) piston. 

3.1 Storage Reliability Analysis 

3.1.1 Failure Mechanisms and Modes 

Accumulators of all types generally have similar failure 

characteristics.  Failure mechanisms for stored accumulators 

are (1) contamination, (2) damaged parts (cracked), (3) blem- 

ishes, (4) misalignment problems or swelling.  The storage 

failure modes are usually (1) internal leakage, (2) external 

leakage, and (3) swelling. 

A summary of failure modes, causative mechanisms, de- 

tection methods and measures to minimize them are presented 

in Table 3.1-1. 

3.1.2 Accumulator Failure Rates 
Over 326 million part hours of storage data are included 

in this report.  Table 3.1-2 shows data sources with their 

functional application and environment as well as failure in- 

formation.  For purposes of this table, "environment" is 

defined as the conditions for which the equipment was de- 

signed and intended to operate. 

The data did not always contain specific information as 

to accumulator type or descriptions of failure modes and 

mechanisms.  Quality grades were not defined and therefore 

failure rates derived in this section reflect the entire 

quality range defined for accumulators. 
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3.1.3  Analysis of Storage Data 

The combined failure rate for all of the entries in 

Table 3.1-2 is 1965 fits.  However, close examination of the 

individual entries shows wide discrepancies in failure rate 

among the different sources.  For programs reporting at 

least one failure, the failure rate ranges from a low of 27 

fits to 57078 fits.  In an attempt to reconcile these differ- 

ences, analyses of the discordant data points were made as 

follows: 

a) Data Point No. 2 - This was an accumulator on board 

an aircraft which crashed in the desert.  Seventeen years 

later the equipment was recovered and analyzed.  The accumu- 

lator was found to have failed although the analysis showed 

it held air pressure for "a few years." The failure rate 

shown in Table 3.1-2 shows a number of hours equal to 17 

years.  It was not possible to determine the time of failure, 

therefore this data is invalid. 

b) Data Point No. 3 - A totr-l of 600 accumulators were 

stored at the manufacturers' plants for two years. At the 

end of this period all of the accumulators had leaked.  The 

accumulators were stored with the piston O-rings installed. 

This is not a'recommended procedure and the manufacturer does 

not store accumulators with O-ring seals in place any more. 

Therefore, the information in data point 3 is no longer valid 

and will not b^ used for prediction. 

c) Data Point No. 7 - This is the lowest failure rate 

shource shown in Table 3.1-2.  All of the accumulators in this 

source were submitted to a "run in" for six hours.  This was 

accomplished by charging the unit at very high pressure for 

a few minutes and at nominal pressure for the rest of the 

time.  It was estimated that the run in eliminated from 75 

to 80 percent of all the potential problems in the field. 
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The accumulators in data point 11 were also submitted 

to a high pressure run in prior to storage.  The combined 

failure rates of data points 7 and 11 is consistent with 

that of other accumulators in Table 3.1-2.  In view of this 

and despite the fact that these accumulators went through 

a preconditioning process, data points 7 and 11 will be 

Included in the prediction process. 

d) Data Point No. 6 - The information in this source 

represents an ertimate based on ratioing the operational 

failure rate of accumulators.  Since it does not represent 

actual storage experience, this data will not be used for 

prediction. 

e) Data Point No. 10 - This point represents data on 

a number of accumulators in a hydraulic thrust vector control 

system.  A number of the failures were attributed to im- 

proper shipping and filling procedures and to inadequate 

accumulator capacity.  Since most of the failures were at- 

tributed to improper procedures and design defects the data 

will not be used for prediction. 

After eliminating four of the five data points dis- 

cussed above, there are seven valid points left.  Six of 

them are for a missile environment and one for a ground 
environment.  The ground accumulator has 3.051 million hours 

of storage with no failures.  This is consistent with the 

failure rate of missile accumulators and therefore, they will 

be grouped together. 

The resultant data shows 215.01 hours of storage with 

seven failures for a failure rate of 3.26 fits.  The one- 

sided 90% confidence limit is 54.8 fits.  Of those sources 

reporting at least one failure, a range of failure rates 

from 27 fits to 120 fits was observed.  Some of the differences 
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still remaining may be due  to the preasurization  state in 

which the accumulators were stored.     For example,   the devices 

in data point  11 were  stored in an unpressurized  state. 

Similar information does  not exist on  the rest of  the val. I 

data points.     Therefore,   the effects of  the pressurization 

state of  the devices  could not be quantified.     However,  this 

is  recognized as possible reliability  factor. 
3 . 2     Operational/Non-Operational  Failure  Rate  Comparison 

The ratio of operating to non operating failure rate 

was computed as shown below.    The operational  failure rate 

was obtained  from the  RADC Nonelectronic Reliability Hand- 

book . op 
Environment                    X(fits) X 

Operational 54000 

Storage 33 1636 

3.3    Conclusions  and  Recommendations 

3.3.1 Conclusions 
Comparison between  dormant and storage reliability data 

indicates no  significant difference between the  two.    This 

agrees with previous  studies   (reference no.   35) .     Therefore, 

the dormant and storage data were combined in all analyses. 

Quality grades were not well defined  for the accumulator 

data collected.     To determine quality grades  extensive search- 

ing through component  specifications and drawings would be 

required.     It was  therefore impossible  to determine the effect, 

if  any,  of quality levels.     The results presented in this 

report represent failure rate    averages over the quality 

grade spectrum. 
3.3.2 Recommendations 

Record keeping for accumulators kept on storage should 

be  improved,   specifically the identification of  quality grades 

and accumulator description.     This  should be done within 

existing data collection  systems. 

Additional research and data collection should be per- 

formed to attain a better definition of the data already 
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on hand.  More detailed identification of those units classi- 

fied only by their generic names should be attempted. 

A more vigorous and better documented program of failurf 

mode analysis should be implemented. 

3.4  Reference 

The information in Section 3 is a summary of document 

number LC-76-HP2, "Hydraulic and Pneumatic Systems Accumu- 

lator Analysis," dated May 1976.  Refer to that document for 

details of data collection and analysis, as well as, techni- 

cal descriptions of accumulators. 
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4.0 Actuators 

Four major types of actuators were analyzed; Hydraulic, 

Pneumatic, Motor Controlled, and Solenoid types.  Each type 

has several types of actuatiny mechanisms, however the data 

has been grouped in accordance with major types. 

4.1    Storage Reliability Analysis 

4.1.1  Failure Mechanisms 

The primary failure modes that could materially affect 

the functional reliability of actuators are individually dis- 

cussed.  Failure modes most likely to occur listed in their 

most probable order are: 

1) Internal leakage (excessive) 

2) Hysteresis 

3) External leakage (excessive) 

The actuator failure modes are often the cause of valve 

failure and are often difficult to determine. 

4.1.1.1 Internal Leakage 

As with a valve, the actuator has a leakage problem which 

is most serious particularly for long term stored actuators.  This 

is a problem because a small leakage rate can deplete the supply 

of the flowing medium.  The flowing medium may be corrosive or 

explosive and damage to equipment or personnel can result. 

Excessive internal leakage is attributed primarily to failed 

piston seals; however, contamination can also cause increased 

wear and leakage. 

4.1.1.2 Hysteresis 

Hysteresis, is a result of excessive friction between 

moving parts. Packing contributes to this effect because it must 

create a seal sufficient to hold line fluid within the body. 

Additional friction occurs in the guide, and very fine stem 

finishes are employed.  Piston seal rings in cylinder actuators 

also offer resistance to movement and cause some hysteresis. 

Other moving parts such as, the plug, diaphragm plate and 

stem are possible problems due to contamination and wear. After 

long periods of storage, sticking or sliding or contacting can 

be caused by (1) cold welding, (2) inadequate lubrication, (3) 

contamination, or (4) incorrect design. 
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4.1.1.3  External actuator leakage• 

External leakage is caused by Leakage through or around 

seals.  This is due to aging of elastomerir seal:; or rA.ni  in 

seals.  To eliminate this failure mode, welded body   construc- 

tion is preferred and permanent connections such as brazed, 

welded or swaged should be made when the components are in- 

stalled into the system. 

4.1.2 Actuator Storage Failure Rates 

The actuator storage data, Table 4.1-1, did not identify 

specific types other than whether they were used in a hydraulic 

or pneumatic system.  Accordingly, storage failure rates were 

derived for these two categories as shown in Table 4.1-1. 

TABLE 4.1-1.  ACTUATOR STORAGE DATA SUMMARY 

Type 

Hydraulic 

Pneumatic 

Storage Hrs. 
x 106 

608.6 

239.0 

Failures 

121 

21 

X,, (Fitr) s 

(9.8)199(40769) 

(63)  88(256) 

90% one-sided 
confidence limit 

269 

118 

The numbers in parenthesis indicate the range of failure 

rate computed from individual data sources showing at least 

one failure. * The 90% one sided confidence limit is also 

shown. 

4.1.3  Hydraulic Actuate : Storage Data 

Storage data on hydraulic accumulators consisted of over 

608 million hours with 125 failures for an overall failure 

rate of 199.7 fits.  Examination of Table 4.1-2 reveals a wide 

variation in failure rates among the individual sources. 

From sources showing at least one failure, the failure rate 

varies from a low of 9.8 fits to a high of 40,769 fits.  In 

an attempt to determine the reasons for this variance, the 

individual sources were reviewed for clues.  Although the 

information on actuator types, storage environment, quality 

grades, length of storage and types of failures was not 

sufficient to reach absolute conclusions, several possibilities 

for the variance were identified. 
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a)     Periodic  oxorcisinq   -  Some of  the equipments   in 

Table   4.1-2 were exercised  periodically during   storage   (data 
samples   15 and  16).     Others   (data samples  4,   11,   12   and 14) 

were  never exercised   throughout   Che storage period.     A third 

class  of data did. not  specify whether or not  the equipment 

had been exercised.     The overall  failure rate  for hydraulic 
actuators  is  199   fits.     The   failure rate of those equipments 

known   to have not  been   exercised is almost  100   times   the 

overall   failure  rate.      If  the  data  from non-exercised  systems 

is  removed from the overall  failure rate computation,   the 

ratio   of  non-exercised   to  the  overall   failure   rate  increases 

to over  250.     Although  it  is  difficult  to  ascertain  the storage 

conditions of the third class  of data,   its overall  failure 

rate  is  consistent with  that of exercised systems.     Based on 

this  data,  a trend toward higher failure rates  for equipment 

which  remains not exercised during storage is  apparent and 

may partially  account  for the  higher  failure  rates  in 

Table     4.1-2. 

b) Changes  in technology - As time passes,  advancements 

in technology are  sometimes  reflected in improved  failure 

rates.     For example,  welded body construction  and improved 

elastomeric seals  result in  improved reliability.     The data 

sources  in Table    4.1-2  vary   in age  from 1963  to  1974-     The 

lowest  failure rates  are obtained from data samples  1 and 7 

taken   from reports dated 1974  and 1969  respectively.   Those 

two  sources,  by virtue of  their large number of hours   (over 

75% of  all the hours),  bias  the overall  failure rate toward 

the low end.     All of  the high  failure rate  items were taken 

from reports dated 1963  and  1964.     Therefore,   it  is probable 

that  a decrease of failure rate with time  (and improved tech- 

nology)   is  shown by the data. 

c) Complexity  -     The  complexity of  an actuator can vary 

from a simple linear piston  type to a complex  reciprocating 

vane  type.     Since  the  data did not call  out  specific types, 

it is  possible that  the variance is due  to differing degrees 

of complexity. 
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d)      Length of storage  -  The  length of  storage   for  in- 

dividual  sources varied from a  few years  to as many as   17 

years.     Some of   the   failures  were   attributed   to  aging of 

seals.     In this case,   the  failure  rate of equipments  stored 

for  longer  times would tend  to be  higher.     In spite of  this, 

an exponential  failure rate was still assumed since the data 

was  not  conclusive enough to  establish an aging mechanism. 

e)      Reporting methods  -     Failures were counted on the 

basis of   failure statements  on  failure reports.     With the 

exception of the 6% of the reports  concerned with corrosion, 

the  balance of  the  failures  may  not  have  been  caused  by  the 

storage environment. 

4.2     Pneumatic Actuator Storage Data 
Storage data for pneumatic actuators consists of  238.988 

million part hours with 21  failures  for a failure  rate of  87.9 

fits.     For programs reporting at least one failure,   a range 

of   fail ire  rates  from 9.8   fits to   256 fits was observed.     Al- 

though this range is not  as wide  as that for hydraulic actua- 

tors,  some of the reasons discussed in Section 4.1.1. 

responsible for the variation. 

4.3     OperationajL/Non-Operational  Failure Rate Comparison 
Operational to non operational  failure rates   ratios   (K 

factors)   were computed for hydraulic and pneumatic actuators. 

Operating data was taken  from the  RADC Nonelectronic  Reliability 

Notebook.     The data and K  factors  are shown below. 

Xop/ 
As 

Type Xop   (fits) Xs   (fits) 

Hydraulic 

Pneumatic 

15288 

1507 

199 

88 

77 

17 
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4 . 4  Conclusions and Recommendations 

4.4.1 Conclusions 
In  general,   actuator  types  could not b'j  identified ex- 

cept  for  the  system type in which they were installed. 
Quality grades were not well defined  for the actuator data 
collected.     To determine quality grades extenrive searching 
through component specifications and drawings would be re- 
quired.     Hence,  effects of quality  levels,   if any,  could not 
be determined. 

There was no significant difference between dormant  and 
storage reliability data.     Dormant  and storage data were 
combined in all analyses. 

Storage data collected  for each generic actuator type 
was  not plentiful.     Therefore,   failure rates derived at this 
high level have higher statistical confidence than those of 
the  sub-categories and should be utilized unless  specific 
information  is available to  further define the type of actua- 
tor under consideration. 
4.4.2 Recommendations 

Storage failure rates for hydraulic and pneumatic 

actuators are as follows: 

Type X(fits) 

Hydraulic 199 
Pneumatic 88 

Although a wide variance was observed among the different 
sources,   the above  failure rate is  recommended  for prediction. 
This  failure rate  is  representative of missile actuators 
stored under varying conditions and of different quality grades. 

Record keeping  for actuators  kept on storage  should be 
improved,   specifically th      dentification of quality grades 
and  actuator descripti.. .       This  should be done within existing 
data collection systems. 
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Additional research and data collection should be per- 

formed to attain a better definition of the data already on 

hand.  More detailed identification of those units classified 

only by their generic names should be attempted. 

A more vigorous and better documented program of failure 

mode analysis should be implemented for all missile hydraulic 

and pneumatic systems. 

4.5  Reference 

The information in Section 4 is a summary of document 

number LC-76-HP3, "Hydraulic and Pneumatic Systems Actuator 

Analysis," dated May 1976.  Refer to that document for details 

of data collection and analysis as well as technical descrip- 

tions of actuators. 
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5.0       Pumps 

Pumps,   defined as devices   for  transferring energy  to a 

liquid  to  cause   it  to  flow  in  a duct,   opposing gravity  and  other 

forces,   are  normally classified  into  two principal categories, 

namely positive-displacement and  kinetic.     These are  defined  as: 

A. Positive displacement:     A pump wherein liquid  is  caused 

to  flow in volumetric proportion to  an  alternating increase  and 

decrease  of  the  volume in  the pump body.     The principal classes 

of positive-displacement pumps are reciprocating,  rotary,  and  flow 

case. 

B. Kinetic:     A pump wherein  the  energy transferred  to  the 

liquid is mainly kinetic energy nonuniformly imparted to  the  liquid, 

with subsequent distribution throughout  the liquid.     The principal 

classes of kinetic pumps are centrifugal  and peripheral  plus  some 

special types  such as  jet   (ejector) ,   jet-boosted,  gas-lift,   and ram. 

Pumps  are   further defined  in   five  classes. 

A. Reciprocating:    A positive-displacement pump wherein 

liquid is  moved  by displacement  as   the   result of an  alternating 

mechanical  increase and decrease  in  the  volume of the pump body 

through reciprocating pumps,i.e.piston,   plunger,  and diaphragm. 

B. Rotary:     A positive-displacement pump wherein liquid  is 

caused to  flow by displacement induced by a rotating device which 

creates  cavities   that move   from suction  to discharge,   forcing  the 

liquid along.     The principal  types of  rotary pumps are gear,   screw, 

vane,   and  cam. 

C. Blow case:    A positive-displacement pump wherein  liquid 

is displaced  from a container by an  immiscible liquid or a gas. 

D. Centrifugal:    A kinetic pump v/herein energy is  imparted 

to the  liquid principally by the action of centrifugal  force.     The 

principal  types  of centrifugal pumps  are radial  flow,  axial   flow. 
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and mixed flow. 

E.  Peripheral: A kinetic pump wherein energy is imparted 

to the liquid by a combination of centrifugal and tangential shear 

forces. 

The classes of pumps are defined by fourteen separate types. 

A. Axial flow: A centrifugal pump using a propeller or 

screw in which most of the head is developed by the propelling 

action of the vanes on the liquid in an axial direction. 

B, Cam:  A rotary pump wherein the rotating device consists 

of an eccentrically bored cam mounted concentrically within a 

cylindrical casing with a radial seal vane. 

C:  Diaphragm: A pump using a reciprocating flexible sheet 

or disk which comprises a portion of the walls of the pump body and 

which is flexed to effect an alternating increase and decrease of 

the volume. 
D. Gear: A rotary pump wherein the rotating device consists 

of two or more gears. 

E. Jet (ejector):  A kinetic pump without moving parts, in 

which a jet of fluid (usually steam or water) is discharged at high 

velocity into a venturi-shaped diffuser, together with entrained 

fluid surrounding the jet, the velocity energy of the total effluent 

being converted to pressure energy. 

F. Jet-boosted:  A single- or multistage centrifugal or 

peripheral pump having an ejector booster in series with it. 

G. Mixed flow: A centrifugal pump in which the head is 

developed by a combination of the action of the radial- and axial- 

flow types of pumps. 

H.  Piston: A pump using a reciprocating- member (with self- 

adjusting packing) , both the member and packing moving within a 

chamber.  Motion is imparted to the reciprocating member by an 

affixed rod of smaller diameter. 
I.  Plunger: A pump using a reciprocating member moving 

within a chamber fitted with stationary packing. 

J.  Radial flow:  A pump wherein the head is developed by 

the sum of centrifugal force and the kinetic energy imparted to 

the liquid by impeller vanes and wherein the liquid enters at or 

near the axis of rotation of the impeller. 
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K.     Screw:     A rotary pump wherein  the rotating device  con- 

sists  of  two  or  more screw  rotors. 

L.      Vane:      A  rotary  pump wherein   the  rotating  device   consists 

of  a  hub   fitted  with a series of  vanes,   blades,  or  buckets. 
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5.1     Pump Storage  Reliability Analysis 

5.1.1     Failure  Mechanisms 
The  principal  pump classifications   are  depicted   in  Table 

5.1-1, 

TABLE 5.1-1.  PUMP CLASSIFICATIONS 

Positive Displacement 

Reciprocating 

Piston 

Plunger 

Diaphragm 

Rotary 

Gear 

Screw 

Vane 

Cam 

Blow Case 

Kinetic 

Centrifugal 

Radial Flow (Cent) 

Axial Flow (Prop) 

Mixed Flow 

Peripheral (Reg. Turbine) 

Special 

Jet (Ejector) 

Jet-Boosted 

Table 5.1-2 reflects the failure modes, mechanisms, 

detection methods and comments as to how to minimize the 

failure modes.  The table only reflects the most predominant 

failure modes.  Also specified are whether the failure 

mechanisms are storage, operational, or quality control 

problems. 

5.1.2 Design Factors for Long Storage and Operational Life 

Long life assurance design factors for the basic pump 

components are summarized in Table 5.1-3. 

5.1.3 Pump  Failure  Rates 

Over  1.2  billion  part hours of  storage data are  in- 

cluded  in  this   report.     The  individual  data  points,   containing 

pump classification,   environments  and   failure data  are  sum- 

marized   in Table  5.1-4.     Identification of  pump type was 

not uniform.     Sometimes  specific  types  were  identified 

(e.g.,   fixed  displacement-vane)   and  in  some other cases 
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TABLE  5.1-3. DESIGN  FACTORS   FOR  LONG-LIFE  ASSURANCE  PART/COMPONENT: 
PUMPS 

Design  Factors Remarks 

Bearing Material 

Dynamic Seals 

Static Seals 

Materials 
Compatibility 

Housing 

Noise Suppression 

Journal Bearings 

Ball Bearings 

Roller Bearings 

Flow  media and lubricant are the most import- 
ant considerations.  Ceramic bearings may be 
required for long life. Metallic bearings 
must be free of inclusions or stringers. 

Avoid dynamic seals which wear and cause con- 
tamination by using: 

1) Magnetic coupling system. 
2) Submerged pump/rotor assembly. 
3) Totally wet pump/motor. 

Brazed or welded housing joints are prefer- 
red to captive types of seals for fluid 
systems. 

Inert fluids are recommended, such as Cool- 
anol or Oronite for coolant systems. 

Housing leakage in fluid systems can be solve 
by: 

1) Impregnation of castings with sealant 
substance. 

2) Using vacuum melt material to eliminate 
stringers or inclusions. 

Methods to suppress noise include: 
1) Mechanical  isolation. 
2) Sound  suppressor/acoustical  insulation 

material. 
3) Non-metallic duct and connectors. 

Advantages;     simple,   inexpensive,   and  can be 
used in small   spaces 

Disadvantages;     higher coefficient of   fricticr 
than ball bearings 

Advantages;   low  friction,  short length,  can 
accept both  radial and thrust loads 

Disadvantages;   diametrically large,  costs mor^ 
than journal  bearings 

Advantages;     higher  load capacity  than ball 
bearings,  diametrically smaller than ball 
bearings 

Disadvantages:     longer than ball bearings, 
costs more  than  journal bearings 
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only the general category of "hydraulic pump" was available. 

In a large number of cases, failure modes and mechanisms 

were not disclosed.  Quality grades were not defined for any 

of the pump data.  Therefore, failure rates derived in this 

section reflect average values over all of the quality grades 

specified for pumps. 

5.1.4  Analysis of Storage Data 

The individual data points in Table 5.1-4 show a wide 

variance in failure rates.  This is due to the differences 

in pump types, differences in sample sized, and the fact 

that some of the data proved to be invalid as discussed below. 

a) Data Point 3 - This was a pump in an aircraft which 

crashed in the desert and was recovered 17 years later. Al- 

though the pump was found in a failed condition, a failure 

analysis showed it to be a result of the crash.  Therefore, 

this data point is invalid for prediction of storage failure 

rates. 

b) Data Point 4 - This represents data on 121 pumps 

stored for five years.  After this period the pumps were 

disassembled to replace the seals. Although the pumps were 

classified as "usable" no tests for leakage were performed. 

Since leakage'is one of the primary failure modes for pumps, 

and since they were not tested for this, the assumption of 

zero failures is questionable. 

c) Data Point 5 - Two aircraft hydraulic pumps were 

stored for ten years.  Throughout most of this period, the 

hydraulic system containing these pumps was exercised weekly. 

Of the five failures reported, two were caused by related 

failures elsewhere in the hydraulic system.  The other three 

failures were seal leakage.  The original seals were neo- 

prene and then were replaced with Buna-N seals.  Since two 

of the failures were caused by other components of the hy- 

draulic system, and the other three failures wert considered 

design defects, this data was declared invalid for storage 

failure rate prediction. 
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d)  Data Points 8 and 9 - These data points reported 

one and six failures respectively.  However, the failure 

reports specify these as "hydraulic system failure:;" rather 

than specific pump failures.  Since there is no way to tell 

whether these were indeed pump failures, these data will not 

be further considered. 

Although all of the data sources did not contain specific 

description of the pumps, the information is sufficient to 

group failure data by pump type.  This data, arranged by 

pump type,is presented in Table 5.1-5. 

TABLE 5.1-5. STORAGE FAILURE RATES BY PUMP TYPE 

TYPE FAILURES  STORAGE 

II. 

III. 
IV. 

Positive Displace- 
ment 
A. Fixed Displace- 

ment 327 
1. Gear 167 
2. Piston 112 
3. Vane 48 

B. Variable Dis- 
placement 152 
1. Piston 87 
2. Vane 65 

Kinetic - 32 
A. Centrifugal 32 
Hydraulic (General) 3 
Fuel Pump 0 

HRS. x 10' 
FAILURE      90% 
RATE(fits) CONF. LIMIT 

860.05 380.2 408.0 
380.05 439.9 486.4 
320.0 350.0 396.2 
160.0 300.0 363.4 

320.0 475.0 528.0 
160.0 543.7 626.1 
160.0 406.2 477.1 
160.0 200.0 253.0 
160.0 200.0 253.0 
'31.482 95.3 105.9 

8.070 <123.9 <286.5 
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The classification "positive displacement" includes 

fixed and variable displacement pump:;.  Sufficient informa- 

tion, in terms of failures and storage hours, was collected 

for the different subtypes (piston, gear, vane) to allow 

development of failure rates at this level.  These failure 

rates are shown in Table 5.1-5.  Failure rates applicable to 

the general categories of "fixed" and "variable" displacement 

were developed by pooling the data of individual types under 

each category.  These rates are to be used when the specific 

type is unspecified.  A failure rate for the general category 

of "positive displacement" pumps was not developed.  The 

reason for this is the different construction between fixed 

and variable displacement categories as well ^s a statistical 

analysis which showed that the two failure rates (for fixed 

and variable displacement) did not belong to the same popu- 

lation and should not be combined. 

Only one type of kinetic pump was identified - centrifugal 

The storage failure rate for this pump is 200 fits as shown 

in Table 5.1-5. 

There were several sources which did not provide any 

identification other than hydraulic pump.  This data is 

represented by data points 6, 7, 11, and 12.  Their combined 

failure rate is 95.3 fits which is not compatible with the 

rate of any of the other categories.  This is pocsibly due 

to the fact these sources represent e relatively small 

number of hours and three of the four sources did not report 

a single failure.  For these reasons, this data was not used 

in conjunction with any of the other categories and is in- 

cluded for comparison purposes only. 

A fourth category, fuel pump, is included in Table 5.1-5. 

The operation and construction of a fuel pump differs signifi- 

cantly from the other hydraulic pumps included in the analysis. 

Notice that the failure rate is based on a relatively small 

number of hours and no failures.  This failure rate is 

therefore pessimistic. 
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Of the valid data points reporting at least one failure, 

the range of failure rate (regardless of pump type) varied 

from 200 fits to 1497 fits.  A failure rate of 200 fits was 

observed on several data points and on different types of 

pumps.  The source reporting 1497 fits did not specify pump 

type and it was the only pump designed for submarine use. 

5.2 Operational/Non-Operational Failure Rate Comparison 

For comparison purposes, the ratios of ground environment 

operating to non operating failure rate were computed for the 

different pump types.  This is shown in Table 5.1-6.  The 

operational data was obtained from the RADC Nonelectronic 

Reliability Handbook.  The handbook does not differentiate 

the specific pump types such as gear, piston, etc.  Therefore, 

the numbers with an asterisk devote the operational failure 

rate for a general category of pumps.  Specific failure rates 

for centrifugal and fuel pumps were listed in the Reliability 

Handbook and were included in Table 5.1-6. 

TABLE 5.1-6.   OPERATIONAL/NOl 
RATIOS 

»I OPERATIONAL FAI LURE RATE 

PUMP TYPE Xop(fits) X ^     (fits) 
storage 

Xop/ 
Ast. 

Positive Dispiacement 

Fixed Displacement 
Gear 
Piston 
Vane 

4219* 
4219* 
4219* 
4219* 

380.2 
439.9 
350.0 
300.0 

11 
10 
12 
14 

Variable Displacement 
Piston 
Vane 

4219* 
4219* 
4219* 

475.0 
543.7 
406.2 

9 
8 

10 

Kinetic 
Centrifugal 

12058 
12058 

200.0 
200.0 

60 
60 

Hydraulic (General) 4219* 95.3 44 

Fuel Pump 24390 <123.9 >197 

5-12 

I ..^—M—^MIM—MMM——MM—It—«—«^M—M—— 



1.3  Conclusions and Recommendations 

5.3.1 Conclusions 

Sufficient data was  collected  to  permit  development of 

failure   rates  for  specific  pump   types.     In addition,   failure 

rates   for  four general  types were developed.     These are 

variable displacement,   fixed displacement,  centrifugal,   and 

fuel pumps. 

Quality grades were  not well  defined for  the  pump data 

collected.     To determine quality grades  extensive  searching 

through  component  specifications  and drawings would be  re- 

quired.     Hence,  the effect of quality  levels,   if  any,  could 

not be determined. 

5.3.2 Recommendations 
The pump storage failure rates shown in Table 5.1-5 

recommended for predicting the storage reliability of missile 

equipment. 

Record keeping for pumps in storage should be improved, 

especially in the areas of quality grade identification and 

equipment description.  This should be done within the existing 

data collection systems. 

Additional research and data collection should be per- 

formed to attain a better definition of the data already on 

hand.  More detailed identification of those units classified 

only by their generic names should be attempted. 

A more vigorous and better documented program of failure 

mode analysis should be implemented for all missile hydraulic 

and pneumatic systems. 

5.4  Reference 

The information in Section 5 is a summary of document 

LC-76-HP4, "Hydraulic and Pneumatic Systems Pump Analysis," 

dated May 1976.  Refer to that document for details of data 

collection and analysis as well as technical descriptions of 

pumps. 
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6.0 Cylinders 

Cylinders have been classified in accordance with tho 

hydraulic or pneumatic system rating described under MIL-H-24475B. 

The missile hydraulic systems are of the following types and class, 

as specified. 

Type I - -65° to 160oF Temperature range 

Type II - -65° to 2750F 

Type III - -65° to 450oF     "       " 

Type IV - Temperature ranges extending above +450oF 

Class - 3,000 pounds per square inch (psi) . 

6.1 Storage  Reliability Analysis 

6.1.1 Failure Modes and Mechanisms 
Table  6.1-1 gives a sammary of the major  failure modes, 

failure mechanisms, detection methods  and methods  to minimize  each 
failure mode. 

6.1.2 Non-Operational  Failure  Rates 
The available failure data did not contain information about 

specific cylinder types.  Therefore the resulting failure rate is 

viewed as that for a general class of cylinders.  Based on this, 

the storage failure rate for cylinders is 75.0 failures per 

billion hours. 

6.1.3 Non-Operational Failure Rate Data 

The failure rate was based on storage data consisting 

of 160 million hours with 12 failures reported.  No information 

as to the specific types of cylinders was available. 

6 , 2 Operational/Non-Operational Failure Rate Comparisons 

Rates of operational to non-operational failure rates for 

the different environments are shown in Table 6.2-1.  The 

overall ratio of operating (under all environments) to non- 

operating failure rate is 2819.12.  The operational failure 

rate was obtained from the RADC Nonelectronic Reliability 

Handbook.  The failure rate comparison is shown using the 
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operating failure rate from three environments:  ground, 

air and helicopter. 

TABLE 6.2-1.  OPERATIONAL/NON-OPERATIONAL FAILURE 
RATE COMPARISON 

ENVIRONMENT X x 10 

Non-Operating .075 

Ground, Operating 33.154 

Air, Operating 212.168 

Helicopter, Operating 973.269 

OPERATING TO NON-OPER. RATIO 

442.05 

2828.91 

12976.92 

6.3  Conclusions and Recommendations 

6.3.1 Conclusions 

Comparison between dormant and storage reliability data 

indicates no significant difference between the two.  Therefore, 

the dormant and storage data were combined in all analyses. 

Quality grades were not well defined for the cylinder data 

collected.  To determine quality grades extensive searching through 

component specifications and drawings would be required.  It was 

therefore impossible to determine the effect, if any, of quality 

levels.  The results presented in this report represent failure 

rate averages over the quality grade spectrum. 

In general, cylinder types within each class (Type I, Type 

II, etc.) could not be identified.  Therefore, failure rates 

derived at this high level have higher statistical confidence than 

those of the sub-categories and should be utilized unless specific 

information is available to further define the type of accumulator 

under consideration. 

6.3.2  Recommendations 

Record keeping for cylinders kept on storaqe should be 

improved, specifically the identification of quality grades and 

cylinder description.    This should be done within existing 

data collection systems. 
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Additional   research  and data collection should  be per- 

formed  to attain  a better  definition  of   the data  already on  hand, 

More detailed  identification of  those  units classified only by 

their generic names should be attempted. 
A more vigorous and better documented program of  failure 

mode analysis  should be implemented. 
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7.0 Compressors 

This section contains reliability information and 

analysis on compressors.  Although there are several types of 

compressors, the scarcity of data made it necessary to 

combine it into one general category of pneumatic compressors. 

7.1 Storage Reliability Analysis 

7.1.1 Failure Mechanisms 

Failure mechanisms and modes, detection methods and 

corrective measures are summarized in Table 7.1-1. 

7.1.2 Design for Long Life Assurance 

Design factors to insure long life of compressors are 

summarized in Table 7.1-2. 

7.1.3 Non-Operational Failure Rate 

No failures were reported in the available storage data. 

The non-operational failure rate is estimated to be less than 

4085.0 failures per billion hours. 

7.1.4 Non-Operational Failure Rate Data 

Only one source of storage data was located for pneumatic 

compressors.  This contained 0.2448 million hours of storage 

with no failures giving a failure rate of 4.085 failures per 

million hours assuming one failure. 

7.2 Operational/Non-Operational Failure Rate Comparison 

Ratios of operational failure rate (under both environ- 

ments) to non-operational failure rate are summarized in 

Table 7.2-1. 

TABLE 7.2-1.  OPERATIONAL/NON-OPERATIONAL FAILURE 
RATE RATIOS 

ENVIRONMENT FAILURE RATE (10  )  OPERATING/NON- 
OPERATING RATIO 

Non-Operating 508 5.0 

Operating (Ground) 12700.0 

Operating (Air, Helicopter) 297560.0 

3.1 

72.8 
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TABLE  7.1-2.     DESIGN   FACTORS  FOR  LONG-LIFE  ASSURANCE  PART/ 
COMPONENT:     COMPRESSORS 

Design Factors Rer.arks 

Bearing Material 

Dynamic Seals 

Static Seals 

Materials 
Cospatibillty 

Housing 

Noise 
Suppression 

Journal Bearings 

Ball Bearings 

Roller Bearings 

Flow media and lubricant are  Che most  important con- 
siderations (see text for particular recommendations) 
Ceramic bearings may be required  for long life. 
Metallic bearings must be free of Inclusions or 
stringers. 

Avoid dynamic seals which wear and cause coatanxina- 
Cion by using: 

1) Magnetic coupling system. 

2) Submerged pump/rotor assembly. 

3) Totally wet pump/motor. 

Brazed or welded housing Joints are preferred to 
captive  types of seals for fluid systems. 

Inert fluids are  recommended,   such as Coolanol 
or Oronite for coolant systems. 

Housing leakage in fluid systems can be solved by: 

1) Impregnation of castings with sealant 
substance. 

2) Using vacuum melt material to eliminate 
stringers or Inclusions. 

Methods  to suppress noise include: 

1) Mechanical  isolation. 

2) Sound suppressor/acoustical Insulation 
material. 

3) Non-metallic duct and connectors. 

Advantages;     simple,   inexpensive,  and can be used in 
small spaces. 

Disadvantages:    higher coefficient of friction than 
ball bearings 

Advantages:     low friction,  short  length, can accept 
both radial and  thrust loads. 

Disadvantages:     diametrically large,  costs more than 
journal bearings. 

Advantages:     higher   load   capacity  than ball  bearings, 
diametrically smaller than ball bearings. 

Disadvantages:     longer  than ball  bearings,  costs nore 
than journal bearings. 
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7.3     Cnnclunionr;   &   Rocommondntions 

7.3.1 Conclusions 
Quality grades were not well defined for the compressor data 

collected.  The results represent failure rate averages over the 

quality spectrum.  Generally compressor types within each class 

of hydraulic or pneumatic system could not be identified.  There- 

fore, failure rates derived at this high level have higher statis- 

tical confidence than those of the sub-categories and should be 

utilized unless specific information is a'/ailable to further define 

the type of compressor under consideration. 

7.3.2 Recommendations 

Additional  research  and data collection   should be performed 

to  attain a better definition of  the data  already on hand.     More 

detailed  identification of  those  units  classified only by generic 

names  should be  attempted. 

A more vigorous  and better documented  program of  failure 

mode  analysis   should be   implemented. 
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8.0  Filters 

This section contains reliability information and analysis 

on hydraulic filters.  The purpose of a hydraulic filter is to 

remove contamination from a fluid.  A filter may be thought 

of as a series of small orifices or a semipermeable membrane.  As 

the fluid flows through it, contaminants are removed by being 

mechanically blocked without harm to the useful characteristics 

of the fluid. 

Since a filter will pass small particles and stop larger 

ones, a means of designating the degree of filtration must be 

used.  Filters are rated in terms of "nominal" and absolute" 

filtration. A filter with a particular nominal rating is one 

that will remove 98 percent of all particles of that particular 

size and larger.  A filter is given an absolute rating when it is 

said to stop all particles above a particular size; it has often 

been said that there are no absolute filters.  It is extremely 

difficult to contain all fibers that are greater in length than 

the absolute rating of the filter, since they may also be many 

times smaller in diameter.  In order to define the capabilities 

of a filter completely, both a nominal and an absolute rating 

should be specified. 

The main hydraulic filter elements used in aerospace weapon 

systems are of two basic classifications: cleanable and non- 

cleanable.  Elements classified as cleanable are usually sintered 

bronze or woven wire mesh.  Sintered bronze types are susceptible 

to media migration, require unusually refined manufacturing tech- 

niques and quality control, and are virtually impossible to clean 

completely. Woven wire mesh filter elements are the most common 

cleanable type, and are not as susceptible to media migration. 

Equipment that will adequately clean a so called "cleanable" 

filter is not often available to maintenance personnel.  Such 

filters are usually either discarded or rinsed in fluid and re- 

turned to service; the latter procedure adds to the contamination 

in the element, and can lead to a clogged filter. 
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In  the  recent past,   noncleanable  filter  elements  have  been 

considered  the least desirable of  the elements  available.     They 

are usually made of  rcsin-imprcgnaiicd  pressed  paper,   and  are 

susceptible  to media migration,   aging embrittlement,   and collapse. 

It has   been  shown  that   storage  time directly affects   the capability 
of paper  filter elements   to withstand their rated differential 

pressure.     With the advent of woven wire elements,  paper  filters 

were not considered adequate   for high-performance  systems.     Paper 

filters are highly regarded at  the present state-of-the-art,  how- 

ever.      Recent investigations  of  the contamination  levels  in  naval 

aircraft hydraulic  systems  indicate  that  paper  elements  provide 

cleaner  systems  than wire mesh  in  that    application.     Another 

recent   test,   conducted  by  commercial  airlines,   has  resulted  in the 

conclusion that paper elements  used  in series with woven wire mesh 

filters  provide significantly  better contamination  control   than 

either wire mesh or  sintered metal  filters. 

Present  thinking on   the   subject,  then,   stems   from two con- 

siderations:   paper  filters  are  actually depth  filters  and  tend  to 

remove   fine  as well  as  coarse  particles,  whereas  woven  wire  elements 

tend to  pass most  particles  finer than  their nominal   rating;   also, 

paper  filters are  inexpensive  and can be discarded.     The  trend now 

appears   to be' in  the direction  of a  paper  element  backed up by a 

wire mesh element  to protect  against  mechanical   failure of  the 

paper  element.   (A  limiting  factor,   for missile  systems   in particu- 

lar,   is   the  fact  that paper filters  cannot be used  at   temperatures 
above  2750F.) 
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8.1 Failure  Modes  and  Mechanisms 

incipal fi Iter failure nodes are lis 

TABLE 8.1-1. 

FAILURE MODES FOR FILTERS 

1. Leaking 

2. Cracked or Broken 

3. Out of Tolerance 

4. Broken 

5. Excessive Wear 

6. Cracked 

7. Clogged 

8. Burst 

9. Warped 

10. Damaged-mishandling 

11. Structural Failure 

12. Bubble Test 

The  failure modes  are  primarily operational or quality 

problem.     However,   storage  of  the  filters over  long periods  have 

similar problems;   such as   leaking,  cracks  and clogging. 

8.1.1     Storage Failure  Rate 

The storage or  non-operational  data  for  filters  are 

summarized  in Table   8.1-2. 

TABLE   8.1-2     STORAGE  FAILURE   RATE   -   FILTERS 

Type Failure  Rate  10~9 

Filter   (fine,   100  micron) <6.2 

Filter   (coarse,   100 micron) <2.1 

Other  types <017.7 

TOTAL   (overall) <1.4 
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8.1.2  Non-Operational Storage Data 

Non-operational storage data was collected from eight 

programs.  Storage hours and number of failures for each are 

shown in Table 8.1-3. 

8 . 2  Operation il/Non-Operational Failure Rate Comparisons 

Table 8.2-1 presents operational to non-operational 

failure rate ratios for the different operating environments. 

For comparison purposes, the combined filter failure rate is 

used since information on specific types was not available in 

the operational data. 

TABLE 8.2-1.  OPERATIONAL/NON-OPERATIONAL FAILURE 
RATE RATIOS 

_9 
Environment X(10  )      Operational/Non- 

Operational Ratio 

Non-operational .87 

Operational, ground 94640. 108,781 

Operational, heli. 214790. 246,885 

Operational, air 9860. 11,333 

8.3  Conclusions and Recommendations 

8.3.1 Conclusions 

The specific filter type could not be identified and quality 

grades were not well defined.  To determine the specific filter 

types used and quality grades, extensive searching through compo- 

nent specification and drawings would be required.  It was therefore 

impossible to determine the effect, if any, of quality level. 

8.3.2 Recommendations 

Record keeping for filters kept on storage should be improved, 

specifically the identification of quality grades and filter 

description.  This should be done within existing data collection 

systems. 

Additional research and data collection should be performed 

to attain a better definition of the data already on hand.  More 

detailed identification of those units classified only be their 

generic names snould be attempted. 

A more vigorous and better documented program of failure mode 

analysis should be implemented. 
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9.0  Gaskets and Seals 

This section contains reliability information and analysis 

on gaskets and seals.  Data for gaskets (general typos), static 

seals and dynamic seals are included. 

9 .1  Storage Reliability Analysis 

9.1.1 Failure Mechanisms and Modes 

Principal failure mechanisms and mode^ are summarized in 

Table 9.1-1. 

TABLE 9.1-1.  SEALS, G 

1. Leaking 

2. Physical Damage 

3. Torn 

4. Cut 

5. Deteriorated 

6. Forged 

7. Cracked 

8. Broken 

9. Excessive Wear 

10. Distorted 

These failure modes are for operation and storage.  The 

primary storage failure modes are leaking and deteriorated. 

Many of the operational failures are caused by lack of quality 

control. 

9.1.2  Non-Operational Failure Rates 

Non-operational failure rates for gaskets and seals are 

summarized in table 9.1-2. 

TABLE 9.1-2.  STORAGE FAILURE RATES - SEALS 

Type X (x 10~9) 

Seals,   Dynamic 5000.0 
Seals,   Static 10.0 

Overall 9.9 
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Type Failures 

Dynamic 0 

Static 0 

TOTAL 0 

9.1.3 Non-Operational Failure Data 

Non-operational failure data was collected from two 

sources.  Storage hours and number of failures for each arc 

shown in table 9.1-3. 

TABLE 9.1-3.  STORAGE RELIABILITY DATA - SEALS 

Hours (106) 

.2 

100.0 

100.2 

9.2  Operational/Non-Operational Failure Rate Comparison 

Table 9.2-1 presents operational to non-operational failure 

rate ratio for the air operational environment.  For comparison 

purposes, dynamic seals and static seal data (storage) was 

combined. 

TABLE 9.2-1.  OPERATIONAL/NON-OPERATIONAL 
FAILURE RATE RATIO 

q 
Environment X(10 )        Ratio 

Non-operational 9.9 

Operational, air       48996.0        4,949.09 

9.3  Conclusions and Recommendations 

9.3.1 Conclusions 

Quality grades and descriptions of gaskets and seal types 

were not well defined for the data collected.  To determine quality 

grades, extensive searching through component specifications and 

drawings would be required.  It was therefore impossible to deter- 

mine effect.  The failure rates derived are significant and repre- 

sent a cross section of gasket and seal types. 

9.3.2 Recommendations 

The   failure rates  calculated  should be  used   for  reliability 

prediction  until  additional  data  can be cv'lected on  specific  types 

of  gaskets   and  seals. 
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Record keeping   for gaskets  and  seals  kept on  storage  should 

be  improved,   specifically   the   identification of quality  grades  and 

gasket  and  seal description.     This  should be done within  existing 

data collection systems. 

Additional  research  and data collection  to  attain  a better 

definition of the data already  on hand.     More detailed  identifica- 

tion of  those units  classified only  in their generic names  should 
be attempted. 
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10.0 Bearings 

This section contains reliability information and analysis 

on bearings.  Since bearings and lubrication are the acknowledged 

and proven life limiting elements of motors, emphasis has been 

placed on the examination of bearing fatigue life and reliability 

and the types of lubrication systems which enhance long life. 

Wear must be virtually eliminated for bearings to achieve their 

ultimate life capability, i.e., their fatigue life.  For storage 

and operation, fluid lubrication offers this opportunity. 

The primary bearing used in military systems is the ball 

bearing.  Other bearing types are specified in the detailed 

bearing report. 

10.1 Failure Mechanisms and Modes 

The primary bearing failure modes are listed in Table 10.1-1, 

TABLE 10.1-1.  BEARING FAILURE MODE DISTRIBUTION 

FAILURE MODES 

1. Excessive wear 

2. Mechanicai binding 

3. Sticking 

4. Dented 

5. Jammed 

6. Pitted 

7. Friction Excessive 

8. Chattering 

9. Excessive vibration 

10. Frozen 

11. Clogged 

12. Scored 

13. Bent 

14. Cracked 

15. Lack of Lubricant 
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Table   10.1-2  lists  the  most  common  failure modes   for 

bearings  by  their  frequency of occurrence.     Given   for each 

failure mode  is  the reason of  failure,   failure mechanism, 

possible  causes  and suggestions  as  how to eliminate/minimize 

the failure mechanisms. 

10.2    Storage  Reliability Analysis 

10.2.1     Storage  Failure  Rates 

Non-operating   (storage)   failure rates  for bearings  are 

summarized  in table 10.2-1. 

TABLE  10.2-1.      STORAGE  FAILURE  RATES 

Type Environment 

Ball  Bearing MSL 

GND 

SUB 

OVERALL   

X do" -9) 

5 .0 

11 .4 

2994 .0 

14 .43 

10.2.2     Storage  Failure  Data 

Storage   failure data was  collected  from three  environments, 

Storage  hours  and numbers  of  failures   for each environment  are 

shown  in  Table' 10.2-2. 

TABLE 10.2-2.  STORAGE FAILURE DATA 

Bearing Type Environment Failures Hours (105) 

Ball MSL 1 200.0 

GND 4 351.52 

SUB 3 

8 

1.002 

TOTAL 552.522 

10.3     Operational/Non-Operational  Failure Rate  Comparison 

Table  10.3-1  presents  operational  to non-operational 

failure  rate  ratios  for the  two  bearing types  in  an  air  en- 

vironment.     For  comparison purposes,   the  types  are  combined 

in  the   storage data. 
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TABLE 10.3-1.  OPERATIONAL/NON-OPERATIONAL FAILURE 

Environment 

RATE RATIOS 

Mio"9) 

14.48 

OP/NON-OP 
Ratio 

Non-operational 
(overall) 

- 

Operational (air) 
(ball) 

3902.0 269.47 

Operational (air) 
(roller/rod) 

58137.0 4014.98 
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11.0 Regulators 

This section contains reliability information and analysis 

on regulators.  Data for temperature and pressure regulators is 

included. 

11.1 Storage Reliability Analysis 

11.1.1 Failure Mechanisms 

Principal regulator failure mechanisms are summarized in 

table 11.1-1. 

11.1.2 Non-Operational Failure  Rates 

Non-operational   failure  rates   for   regulators  are  summarized 

in Table 11.1-2. 

TABLE   11.1-2.     STORAGE   FAILURE   RATES   -   REGULATORS 

Type X(xl0~9) 

Temperature 199. 

Pressure 1330. 

Combined (temp & press)    173.1 

11.1.3 Non-Operational Failure Data 

Non-operational data was collected from three programs. 

Storage hours and number of failures for each are shown in table 

11.1-3. 

TABLE 11.1-3.  NON-OPERATIONAL RELIABILITY 
DATA - REGULATORS 

Type Storage Hours do6) Fa ilures 

Temperature 5.024 0 

Pressure .37 1 

Pressure .383 

5.777 

0 

1 
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11.2  OpGrational/Non-Oporationq] Failuro R.it.a Comparisons 

Table 11.2-1 presents operational to non-onerati.onal 

failure rate ratios Lor the different operating environments. 

For comparison purposes, the combined pressure and temperature 

regulator failure rate is used since information on specific 

type was not available in the operational data. 

TABLE  11.2-1. OPERATIONAL/NON-OPERATIONAL  FAILURE 
RATE   RATIOS 

Environment 

Non-operational 

Operational, ground 

Operational, air 

Operational, heli- 

X(10"9) 

173.1 

393856.0 
367306.0 

126C30.0 

Operational/Non-Opera- 
tional  Ratio 

2275 

2122 

733 
copter 

11.3    Conclusions   and Recommendations 

11.3.1    Conclusions 
The  storage   failure   rate  for the  combined   (temperature 

and pressure)   regulator  types  should be  used   for   reliability 

prediction  as  shown   in Table     11.1-2,   i.e.,   173.1   failures 

per billion pjart  hours. 
The  specific   regulator  type could not  be  identified and 

quality grades were  not well defined.     To  determine the 

specific regulator   types  and quality grades,   extensive 
searching  through  component  specifications  and drawings would 

be   required. 

11.3.2     Rccommendat ions 
Record  keeping   for  regulators  on  storage  should be  im- 

proved,   specifically  the   identification  of  quality grades  and 

regulator descriptions. 
Additional research and data collection should be per- 

formed to attain a better definition of the data already on 

hand. 
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